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Abstract—The flow field near the stagnation streamline of a plane or axisymmetric blunt body is studied in

the merged layer regime using the continuum approach. At the body surface the velocity slip and the jump of

the translational and rotational temperature as well as that of the vibrational temperature are taken into

account. The influence of the vibrational relaxation is discussed. Especially the wall temperature of an

insulated body can be lowered considerably. Results are obtained not only for free flight conditions but also
for wind tunnel tests. The latter agree with experimental results of other authors.

NOMENCLATURE

constants in the series expansion of u;
constant in the viscosity relation;

isobaric specific heat;

isochoric specific heat;

constant in the viscosity relation,

D =D*/ TT"“ch) >

internal energy, e = e*/V*?;

parameter of geometry (j = 0 for plane flow,
j = 1 for axisymmetric flow);

k, coefficient of thermal conductivity,

krr = kip/k¥ra

K¥, K¥, constants relating to the

relaxation length;;

Kn, Knudsen number, Kn = A*/L¥;

L*  noseradius;

M, freestream Mach number at frozen vibration,

Moo = Vco*/(yR*TT*Rw)l/z ;
P thermodynamic pressure, p = p*/p* V.*2;
Pri, Prandtl number at frozen vibration,
Pry = p*cira/k¥r;
Pry, Prandtl number at vibrational equilibrium,
Pry = prck/k:

q, heat flux vector, q = q*/p* V.*3;

R*,  specific gas constant;

Re,, freestream Reynolds number,

Rey, = pE VEL*ud;

St,  stagnation point Stanton number,
LSt =1q* 0,00/ {0k VALChra(Tiew — T)
y +Vx22]};

T, temperature, T = T*/ T ;

T, viscous stress tensor,

T =T*/p% V¥*;

u, velocity component in x-direction ;

v, velocity component in y-direction ;

v, vector of flow velocity, v = v*/V *;

V3,  absolute value of the freestream velocity,
= Ve = IVil;

w, production rate of vibrational energy by

vibrational excitation, w = w*L*/V*3;

+Supported by Deutsche Forschungsgemeinschaft.

X, coordinate parallel to the body surface,
x = x*¥/L*;

¥, coordinate normal to the body surface,
y=y*/L*

Greek symbols

o, thermal accommodation coefficient;

7, ratio of specific heats at frozen vibration,
Y= C:TR/ C¥rrs

3, angle between the body surface and the
axis of symmetry;

0, characteristic temperature of vibration,
0 = 0%/ Tz ;

A relaxation length, A = A*/L*;

mean free path of the gas molecules;
U, coefficient of viscosity, u = u*/u¥ ;
p,  density, p = p*/p%;

o, velocity accommodation coefficient.
Subscripts

E, vibrational equilibrium;

TR, translation and rotation;

V, vibration;

w, wall quantities ;

oo,  freestream quantities.
Superscripts

* dimensional quantities ;

’

, derivative with respect to y.

1. INTRODUCTION

THE FLIGHT of blunt-nosed re-entry vehicles in the
upper atmosphere has been studied by many authors
on various assumptions. In the present paper, the flow
field in the vicinity of the stagnation streamline of a
plane or axisymmetric body is investigated. Further,
using the classification given by Hayes and Probstein
[1], the flow is considered in the merged layer regime.
Here, caused by the rarefaction, viscous effects are
important in the entire region from the freestream to
the body surface. But, in a good approximation, the
gas may still be treated as a continuum.
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Such a problem has been studied by Kao [2] for an
ideal gas without internal degrees of freedom. Chung,
Holt and Liu [3] have considered the effect of non-
equilibrium dissociation of a binary gas. Their in-
vestigations have been extended to a mixture of gases
with relaxation of chemical reactions and ionization
by Lee and Zierten [4]. An improvement has been
obtained by Dellinger [ 5], who has taken into account
the coupling of the ionization and the neutral gas
properties.

In all these papers the slip velocity and the tempera-
ture jump have been neglected. Jain and Adimurthy
[6] have shown, that these effects can play an impor-
tant role also in the flow field in front of a highly cooled
body. Further, these authors have found, that the thin-
layer approximation used in [3-5] for example, is not
justified for sufficiently rarefied flows. These calcu-
lations have demonstrated, that the gas may be treated
as a continuum to relatively high freestream Knudsen
numbers, if the complete Navier-Stokes equations are
used together with the velocity slip and temperature
jump boundary conditions. While in this work a pure
ideal gas has been considered, the reacting mixture
treated in [4] and [5] has been studied by Kumar and
Jain [7] without the thin-layer approximation. Slip
velocity and temperature jump have been included by
Scott 8] and Hendricks [9].

In the present investigation, the effect of vibrational
relaxation, which has been neglected in the papers
cited above, is studied. A pure diatomic gas is con-
sidered, in which no other relaxation processes are
important. The basic equations given in the next
section are reduced to a system of nonlinear, coupled
ordinary differential equations by using the concept of
local similarity as discussed by Kao [2]. At the body
surface the velocity slip and the jump of the trans-
lational and rotational temperature as well as that of
the vibrational temperature are taken into account.
The method of successive accelerated replacement is
used for the numerical solution of the boundary-value
problem.

Vibrational relaxation bas also been taken into
consideration by Obermeier [ 10] and by Tong[11]. [n
the latter paper the effect of assuming vibrational
equilibrium has been examined. But the situations
considered in both papers lie outside of the region of
validity of the present study for two reasons. First,
cases with discontinuous shocks have been treated.
that is, no merged layer cases. Therefore, no slip and
temperature jump conditions have been used at the
body surface. Secondly, the relaxation of dissociation
is taken into account, which may be neglected in the
present cases. An extension of the present calculation
to such cases, in which the dissociation should be
considered, gives an estimation of the effect of vib-
rational nonequilibrium in these cases and allows a
comparison with the results of Tong.

2. BASIC EQUATIONS

The stationary dimensionless balance equations for
mass, momentum, total energy and vibrational energy
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ol a diatomic gas are:
divipvi=10 i
pvogrady = —grad p+div T (4
pv-grad(e,,+e; +v3/2)
=V (—pv+v Ty = divigye+g,) {3)
pv-grad ey = ~divq, + pw. b
The gas is assumed to be thermally perfect, that is

p= Ty MY £}

and calorically perfect at frozen vibration, that is
epp = Top'y (v = 1IM {6

with constant ratio ¢ of the specific heats at frozen
vibration.

It is assumed, that the distribution of the oscillators
over the vibrational energy states is a Boltzmann
distribution. Then, the dependence of the vibrational
energy on the vibrational temperature is given by

ey = {0y M2 ) Texp(0/ T 17 (7

Following the theory of Landau and Teller (see
Vincenti and Kruger [12]), in which the molecules are
treated as harmonic oscillators, the production rate of
vibrational cnergy is

W= (@ ek {8

For the treatment of stationary flows, the relaxation
length » is more convenient than a relaxation time.
Following Vincenti and Kruger, at sufficiently low
temperatures, the following approximation can be
used:

A= (K Re, u% prexp[(K§ TH,, T:’R)L}]- {9y

The values f the parameters K and K} depend on the
properties of the special gas.
The coefficient of viscosity 1s assumed to be given by
Sutherland’s formula
WE = CHTEYV 2+ D* T
with the dimensionless form
= (L DU T2+ DTy, {10y

The flux of translational and rotational energy is taken
to be given by Fourier’s law. and an analogous
behaviour of the flux of vibrational energy is assumed:

Q= —kppgrad Tyl — DMZIRe, Pry,. (11
qy = —kygrad T/(y— LIMZ Re, Pry,.. {12}
The Prandil numbers Pr). at frozen vibration and Pr,

at vibrational equilibrium are assumed to be equal to
the same constant:

Prp.=Pr,. Prp.=Pr,. (13

The values of p* and ¢y, being known, the coefficient
k., of conductivity of translational and rotational
energy can be calculated from the first of these
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equations. Since at vibrational equilibrium

kg=krptkyg
and
det
C*E c TR +
e G i,

equation (13) leads to
dey
dTpg

Here it is assumed, that an analogous relation holds at
vibrational relaxation:

kye/krr = (7— I)A’I2

dey
d7,’

In the following, the flow shall be studied in the
vicinity of the stagnation streamline of blunt bodies.
Plane or axisymmetric geometry is assumed. The flow
variables are expanded into series about the axis of
symmetry. Following the concept of local similarity,
these series are truncated. Thus, in the boundary-layer
coordinate system used here:

kylkrp={y— 1)M2 14)

-
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and Probstein, full self-consistency cannot be ob-
tained. Here, the boundary condition for T, can be
met only in the lowest order.

With use of (8) and (11)-(14) and with introduction
of the boundary-layer coordinates and of (13) the
balance equations reduce to a set of ordinary differen-
tial equations. These are not given here, since the
calculation is straightforward and the results are
rather lengthy.

3. BOUNDARY CONDITIONS

At the free stream, all quantities are taken to be
constant

u(x, y) = cos 3 Trrlxy)=1
v{x,y) = —sind T(x,y) = Ty (16)
plx,y)=1

These conditions are met at an effective freestream
distance y ,, which is not known a priori.

There are two possible cases concerning the value of
Ty, First, a freestream state can be constant, if
vibrational equilibrium is given, that is T, = 1.

— 3
ulx, y) = xuy{y z+x {:m’(y )+ B} Secondly, a constant freestream state is possible at
ol yy=(1—x /2;” 24)00(y) vibrational nonequilibrium, that is at T, # 1, if the
plx, y) = po(¥}+x7p,(y) vibration is frozen in the free stream. This occurs, if the
p(x,y) = poly) (15) freestream relaxation length 1 is much greater than
Trr(%, ¥) = {1+ x2p(3)/Po (1)} Trro () the effective freestream distance. Such situations are
1(x, ¥) = {1 +x2p, ()[1 + 3D/ Trro )/ given during the simulation of hypersonic flight in a
9 1+D/T. wind tunnel.
T, (x,y) = I,;?(y)[ [TrroW]} o) On the body surface, first order velocity slip and
v(6y) = Troly). ‘ temperature jump conditions are used (see Emmons
[13], for example):
p au 3 Kn 1 aTTR ]
u(x’ 0) = 172 172 172

6 3)/ 22n)' 2 )M, (Trp) 5)‘ y=0 k

v{x,0)=0 (17

2—arg 2y Kn 8Ty
T,R(x,0)=:r,,+( et i “‘) : 1

dyg y+1Pr, oy
With use of (6) the last of these equations may be written as a jump condition for the mternal energy erp. At

vibrational equilibrium an analogous jump condition is valid for the total internal energy (e, + e, ;). From these
two conditions a jump condition for e, can be derived. It is assumed, that the same condition is valid for e, at

vibrational nonequilibrium. Thus:

ey(x,0) = eyg(T,) + (F

with

F = 2[(*+1)/{y+ 1)+ c¥/e

cy = de}/dT}.

These equations are slightly different from those used
by other authors (see Hayes and Probstein [1], for
example). First, the expansions of u and v contain all
terms, which, without truncation, appear in the differ-
ential equations used below. Also the boundary con-
ditions are met to this order. Secondly, the expansions
of Ty and u are taken to be consistent with the
material equations (5) and (10). As stated by Hayes

2—ay, Kn de,
x p,;;s;-),, 0 %)
ared/(+1+2c}/c} TR)% (19)

Since it can be shown, that 1 < F <1.03, in the
following, the approximation

F=1 (20)

is used. Then, equation (18) coincides with the jump
condition given by Mitra and Fiebig [14] without
derivation.

If the body surface is cooled, its temperature T, is
prescribed. If the wall is adiabatic, the total normal
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heat flux must be zero, that is:
( 8TTR WFL )
kpg — S ) = 0.

- (21}
Y Cy "‘y»‘f‘ 0

+ ky

Introduction of the series expansions (15)into these
boundary conditions leads to conditions for the expan-
sion coefficients.

4. NUMERICAL TREATMENT

The set of differential equations to be solved is a
coupled set of nonlinear first- and second-order differ-
ential equations. Here, the method of successive accele-
rated replacement has been employed for the solution
of the second-order equations. This method has been
used by Dellinger [5]. Jain and Adimurthy [6] and
Hendricks [9] previously. Tt consists in the improve-
ment of certain initial guesses by iteration. The first-
order equations have been integrated by numerical
quadrature for every new approximation.

All calculations have been done for mitrogen with
the following values of the constants:

Pr, =075 7=14,
C* = 1.398-10 Fg/emsK 2, D* = 103K,
0% = 3390K, KF=7.12-10""g/ems,

= 190-10°K,

The values of C* and D* result from adjusting
measured values of u* to Sutherland’s viscosity law.
The values of 6*, K¥ and K}t are given by Vincenti and
Kruger [12].

The accommodation coefficients have been taken to
be

=1 oye="1 ap.=1 and a, =000,

since the order of magnitude of o and a,, usually is 1,
while x,- may be very small {see Mitra and Fiebig[ 14]}

5. REGION OF VALIDITY

In the preceeding sections several basic assumptions
have been used. First, the gas has been treated as a
continuum. This is a good approximation only at
moderate Knudsen numbers, that is

Kn, <0.1. (22)

Further, the dissociation of the gas molecules has been
neglected. In order to check the validity of this
assumption, an approximate consideration given by
Harney [15] has been applied to the present case.
Following this estimation. the freestream density has
to be less than a eritical value:

PL < e VI L) (23)

Figure | shows p¥ , for some values of the nose radius.
At last, the concept of local similarity was used. This
leads to a good approximation only for hypersonic

flow, that is for
M, =10 24)

The conditions {22)-(24)form the boundaries of the
region of validity of the present calculations. Figure 2
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Fi1G, 2. Validity of the present calculation for atmospheric

flight conditions.

shows this region for a body moving in the upper
atmosphere. The lower boundaries of the shaded arcas
are caused by the fact, that the numerical procedure
does not work very well, if steep gradients, that is
nearly unsteady shocks, form in {ront of the body. The
consideration of such cases lies outside of the scope of
the present paper.

6. DISCUSSION OF THE RESULTS

Two sets of numerical exampies have been con-
sidered. The freestream conditions chosen for ex-
amples 1--4 listed in Table 1 occur at the flight in the
upper atmosphere. The Figs. 1 and 2 show, that the
present approximations are valid for the examples 1
and 2, while for the other two examples the dis-
sociation should not be neglected. In these cases
nevertheless certain conclusions may be drawn from
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Fi1G. 3. Distribution of the flow variables along the stagnation streamline for example 1: (a) for cold wall;
(b) for insulated wall.

Table 1. Examples for free flight conditions

Number of

example 1 2 3 4

j 1 1 1 1
L* [em] 30 30 30.5 3
V. [km/s] 6 4.7 794 7.94
p* [107 8 g/cm?] 0.32 2 0.8 21.5
T [K] 180 180 180 247
TX[K] 1000 1000 1500 1500
for cooled wall

M, 21.9 17.2 29.0 24.8
Re,, 483 2364 1624 3300
Kn,, 0.068 0.011 0.027 0.011

Table 2. Examples for test conditions in a wind tunnel

Number of
example 5 6 7 8
j 0 1 0 1
L*[em] 0.475 1 0.51 1
vV {km/s] 1.737 1.764 1.845 1.966
px [107 8 g/em?] 11.0 17.37 2192 8.26
T [K] 18.5 137 144 224
% [K] 1530 1470 1650 1840
TX[K] 290 302 300 300
© 19.8 234 23.8 204
Re 991 5065 3158 1378
Kn,, 0.030 0.007 0011 0.022

the results. The freestream conditions chosen for
examples 5-8 presented in Table 2 are typical for the
simulation’ of the free flight in a wind tunnel. In these
cases not only the conditions (22) and (24) are fulfilled,
but also condition (23), which is shown in Fig. 1.

6.1. Results for free flight conditions

In Fig. 3a the distribution of some flow variables
along the stagnation streamline is presented for ex-
ample 1 at a highly cooled wall. In this case the
vibrational temperature remains nearly at its free-
stream level. A small influence of the different values
taken for «, on the vibrational temperature can be
seen, while the influence on the remaining quantities is
even smaller. The effect of the vibrational relaxation on
the stagnation point heat transfer is demonstrated in
Table 3. Comparison with the result for frozen vib-
ration shows a difference of at most 0.5%, for the first
example.

With increasing wall temperature at one hand the
region of high translational and rotational tempera-
ture becomes larger. Thus the vibrational temperature
has the opportunity to adjust to the translational and
rotational temperature over a larger distance. Con-
sequently the vibrational temperature can reach a
higher level. At the other hand with increasing wall
temperature the vibrational temperature near the wall
increases. These facts are demonstrated in Fig. 3b for
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Table 3. Stagnation point Stanton number

Contribution of

Number of translation
example Case and rotation vibration  Total
A 0.389 0.0011 0.390
1 B 0.391 0.00001 0.391
C 0.392 0 0.392
A 0.167 0.0034 0.170
2 B 0.167 0.0001 0.167
C 0.167 0 0.167
4 0.236 0.014 0.250
3 B 0.242 0.0002 0.242
b 0.207 0.050 0.257
A 0.131 0.022 0.153
4 B 0.133 0.0004 0.133
D 0.127 0.028 0.155
A 0.270 0.023 0.293
6 B 0.275 0.0002 0.275
E 0,263
4 0.240 0.025 0.265
7 B 0.242 0.0002 0.242
E 0.215
A 0.390 0.044 0.434
8 B 0.390 0.0003 0.3%0
E 0.382

Notation: 4, vibrational relaxation, «, = 1; B, vibrational
relaxgnon, ay, = 0.001; C, frozen vibration; D, vibrational
equilibrium ; E, results of measurements.

an insulated wall. At a small value of the accom-
modation coefficient «, only the first effect is of
importance. At a;, = 1 also the second effect becomes
relevant. It leads to a relatively high vibrational
temperature and also to a markable change in the
other flow variables. Especially near the wall the
translational and rotational temperature is lowered,
since a certain amount of energy is transferred to the
vibrational degree of freedom. The resulting tempera-
ture of the insulated wall is given in Table 4.

In Fig. 4 the temperatures for example 2 are
presented at a cooled and at an insulated wall. For this
example, due to the lower Knudsen number, the region
of the shock structure is smaller than for example 1.
Thus, the translational and rotational temperature has
reached its maximum at a distance from the stagnation
point which, compared to the extension of the whole
shock layer, is much greater than for example L.
Therefore, the vibrational temperature has more time
to rise, and consequently it reaches somewhat higher
values. At a highly cooled wall, nevertheless, thereis a

Table 4. Temperature of the insulated wall

Number of

example Case T,

78
96
98

49
57
60

(383

ama OW e
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marked influence of the different values taken for «,
only on the vibrational temperature. The difference of
the stagnation point heat transfer from the result for
frozen vibration reaches 1.8%,. Since the error in-
troduced by the approximations used in the present
calculations is probably higher than this value, the
vibration may be treated as frozen. This is no longer
justified at higher wall temperatures. For, especially at
an insulated wall, as for example 1, the wall tempera-
ture can be lowered considerably by vibrational
relaxation. The difference to the value for {rozen
vibration depends strongly on the accommodation
coefficient x,..

60 ‘ —

7 o Voo
R a 1 0.001 \ |

0 0.05

et

F1G. 4. Temperature profiles along the stagnation streamline
for example 2.

When the dissociation is not negligible, that is, when
the condition (23) is not fulfilled, calculations are
usually done on the assumption of vibrational equilib-
rium. The validity of this assumption has been tested
by Tong [11] for a binary gas model with vibration-
dissociation coupling. Since in most of the examples
considered by Tong the K nudsen number is very small,
he has used the approximation of a discontinuous
shock. Further, since he has neglected the flux of
vibrational energy, his balance equation for the vib-
rational energy is of first order, and no boundary
condition at the wall can be prescribed. Therefore,
during the integration from the shock to the body, he
has assumed vibrational equilibrium from a point, in
which the vibrational energy has approached a certain
percentage of the equilibrium value. Though only an
estimation of the effect of vibrational relaxation was
intended by Tong, the second approximation could
have some influence on the heat transfer. Since in the
present calculation the dissociation is neglected, it
should not be extended to the region considered by
Tong. Nevertheless, the examples 3 and 4 were chosen
in order to give at least an estimation of the effect of
vibrational relaxation. Comparison of the resulting
values of the heat transfer shows, that vibrational
relaxation may change this value by 6% or 142
respectively. Example 3 corresponds to one of the
examples given by Tong, who also found an influence
of at most 6%, Example 4 indicates, that, following this
rough estimation, even a greater error is possible, when
the assumption of vibrational equilibrium is used.
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Figure 5 shows the influence of this assumption on the
temperatures.

6.2. Results for test conditions in a wind tunnel

In Fig. 6 the temperatures calculated for example 5
are presented together with some experimental values
measured by Biitefisch [16]. Here, the influence of the
different values taken for oy on the vibrational tem-
perature is quite important, while the influence on the
translational and rotational temperature is not visible.

1204
TTR
Tv
80+
1.0{
—_ OLV =1
——- 0= 0.001
— T T
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an error of at most 6%, on both the calculations and the
experiments is admitted.

7. CONCLUSIONS
The influence of vibrational relaxation on the
viscous flow in the vicinity of the stagnation streamline
of a blunt body has been studied.
On free flight conditions, only a small effect of the
variation of vibrational energy on the heat transfer toa
highly cooled body has been found. With increasing

0 0.05

90
TTR o
T, T &y E
60 --- o, = 0.001
30J
| []
0 0.1 0.2 03 0.4 0.5

FiG. 6. Temperature profiles along the stagnation streamline for example 5. # Values of T, measured by
Biitefisch [ 1].

Regarding the spread of the experimental values of the
translational and rotational temperature, in the region
near the wall, the agreement between the calculated
and the measured results is quite satisfying, Near the
freestream region, the agreement is not so good. This
may be caused by the fact, that the calculation with the
continuum approximation cannot give the exact struc-
ture of the flow field over a distance, which is smaller
than the mean free path of the molecules, the latter
being relatively long in this region.

The examples 68 were chosen in order to compare
the stagnation point heat transfer with values mea-
sured by Vennemann [17] (examples 6 and 8) and
Koppenwallner [18] (example 7). Table 3 shows, that
the different values taken for «, lead to a difference in
the Stanton number of 6.5%, 9.5%, and 11.3%, re-
spectively. The value of «, prevailing at the experi-
ments is not known, but this quantity may be very
small. Agreement between the heat transfer calculated
for o, = 0.001 and the measured value is given, when

wall temperature the dependence of all flow quantities
on the vibrational relaxation has been shown to
increase. Especially the wall temperature of an in-
sulated body can be lowered considerably. The in-
tensity of these effects depends on the completeness of
the accommodation of the vibrational energy at the
wall.

An extension of the calculation to cases, in which the
dissociation should be taken into account, can give but
an estimation of the influence of the vibrational
relaxation. This estimation has led to the result, that a
relatively great error may be introduced by the
assumption of vibrational equilibrium usually em-
ployed in these cases.

On test conditions in a wind tunnel, that is, on
nonequilibrium freestream conditions, the vibrational
temperature and the heat transfer have turned out to
depend strongly on the accommodation of the vib-
rational energy. The results of the calculations agree
with experimental results of other authors.
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ECOULEMENT D'UN GAZ HORS D'EQUILIBRE VIBRATOIRE PRES D'UN POINT
D’ARRET A VITESSE HYPERSONIQUE ET A UN NOMBRE DE REYNOLDS FAIBLE

Résumé—1’¢écoulement prés de la ligne de courant passant par le point d’arrét d’un corps émoussé plan ou de
révolution est étudié dans le régime de mélange du choc et de 1a couche limite. L'approximation continue est
employée. A 1a surface du corps, il est tenu compte non seulement du glissement et de la discontinuité de la
température de translation et de rotation mais encore de la discontinuité de la température de vibration.
L'influence de la relaxation vibratoire est discutée. En particulier, la température de la paroi d'un corps
athermane peut étre diminuée considérablement. Des résultats sont donnés non seulement pour les
conditions de mouvement dans Patmosphére mais encore pour les conditions d’essai en soufflerie. Dans le
dernier cas, les résultats sont en accord avec les expériences d’autres auteurs.

STAUPUNKTSSTROMUNG MIT NICHTGLEICHGEWICHT DER SCHWINGUNG BEI
HYPERSCHALLGESCHWINDIGKEIT UND KLEINER REYNOLDSZAHL

Zusammenfassung—Das Stromungsfeld in der Umgebung der Staupunktsstromlinie eines ebenen oder
rotationssymmetrischen stumpfen K orpers wird fiir den Fall der Vermischung von Verdichtungsstof} und
Grengzschicht unter Benutzung des Kontinuumsmodells fir das Gas untersucht. An der K&rperoberfldche
werden die Effekte des Gleitens und des Sprunges der Translations- und Rotationstemperatur sowic
desjenigen der Schwingungstemperatur berticksichtigt. Der Einflufl der Schwingungsrelaxation wird
diskutiert. Insbesondere kann dadurch die Wandtemperatur eines isolierten K érpers betrichtlich erniedrigt
werden. Nicht nur fiir Bedingungen beim freien Flug sondern auch fiir solche bei Windkanaluntersuchungen
werden Ergebnisse angegeben. Diese stimmem fiir den letzteren Fall mit experimentellen Ergebnissen
anderer Autoren iiberein.

KOJIEBATEJIbHBIE HEPABHOBECHBIE YIAPHBIE CJIOW TOPMOXEHNUS [IPU
CBEPX3BVKOBLIX CKOPOCTAX N MAJIBIX UUCJAX PEMHOJIBACA

Aunnorauus — MeTOJOM CILIOWHBIX CPe MCCNeltyeTcs pachpeleneHue NapaMeIpoB [OTOKa B
OKPECTHOCTH TOYKH NPM OGTEKAHHM NJIOCKOr0 WM OCECHMMMETPHMHOIO 3aTYILISHHOTO Tena B
«PEKNUME TOTIOLUAIOLLErO CIIOH», YUUTBIBACTCH CKOPOCTh CKOJIBNEHMA HA IOBEPXHOCTH Tena U
H3MEHEeHHe NOCTYNATENbHOM, BPAILATENLHOH, a Takke xosebaTtenbHOR TeMOepaTypbl HA CTEHKE.
PaccmaTpHHBaeTCs BAMAHUE KoaebaTenbBOi penakcaui. B 4acTHOCTH, TeMHCPATYPA CTEHKH H30JU-
POBAHHOIO Teja MOXeT ObiTh 3HAMUTENHHO YMEHbiicHa. PesyabTaTnl DONYMEHB HE TOALKO s
ycioBuil cBOSOAHOTO NOJIETA, HO M U OULITOB B aspoamHamuyeckolt Tpybe. Tocnesnne xopowo
COTAACYIOTCH C 3KCTIEPUMEHTAMLHBIMY JaHHLIM APDYIAX aBTOPOB.



